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CEMENTING ZIRCONIA: EFFECT OF CEMENT TYPES, POLYMERIZATION 
MODE, CEMENT SPACE, AND AIR PARTICLE ABRASION 
 
AHMED MOHAAMED MAAWADH 
Boston University, Henry M. Goldman School of Dental Medicine, 2018 
Major Professor: Dan Nathanson, D.M.D., M.S.D., Professor and Chairman, Department 
of Restorative Sciences and Biomaterials 
ABSTRACT 
Objectives: To evaluate various cements in vitro for adhesion to zirconia, light curing vs. 
self-curing, the effect of particle abrasion (APA) on the zirconia intaglio for maximizing 
retention, the effect of thermocycling, and the effect of cement space.  
Methods: The tested cements included: Ceramir C&B (Doxa) Panavia F2.0 (Kuraray); 
Multilink Automix (Ivoclar); Theracem (Bisco); Duolink (Bisco); Bifix (Shofu); CemEZ 
(Zest Dental). For testing cements retention, custom made zirconia rings 12.5 mm outer 
diameter, 5.5 mm height and 6.147 mm inner diameter were used to emulate crowns. 
Round steel rods (McMaster) were manufactured to fit into the zirconia rings allowing a 
cement space of 50 Microns or 100 Microns. A cementing jig was used to keep the rods 
at the center of the zirconia rings. Cements were tested using light curing and self-curing 
(n=10 per each test). Groups of zirconia rings were air braded with 100 Microns 
aluminum oxide particles for 10 Sec. Half the specimens were stored in water for 24 
hours at 37o C in dark environment or thermocycled for 5000 cycles. A ‘push-out’ test 
using an Instron universal machine at a crosshead speed of 0.5mm/min. Loads to failure 
were recorded to calculate cements retention. 
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Results: Statistical analysis was performed using JMP Pro 13 software. Data were 
analyzed using one way ANOVA, multiple t-test, and Tukey-Kramer HSD.  
For self curing method without APA, retention strength ranking for tested cements were: 
Ceramir C&B ≥ Theracem > Panavia F2.0 ≥ Duolink ≥ Multilink Automix ≥ Bifix.  
For light curing method without APA, retention strength ranking for tested cements were: 
CemEZ ≥ Theracem ≥ Multilink Automix ≥ Duolink ≥ Bifix ≥ Panavia F2.0. There was a 
significant influence in retention strength for light cured cements compared to self-curing 
method except for Theracem and Panavia F2.0.  
For the self-curing method with APA, retention strength ranking for tested cements were: 
Theracem > Duolink ≥ Panavia F2.0 ≥ Multilink Automix ≥ Bifix > Ceramir C&B.  
For the light curing method with APA, retention strength ranking for tested cements 
were: Theracem ≥ Multilink Automix ≥ CemEZ ≥ Duolink ≥ Panavia F.0 ≥ Bifix. A 
significant increase in retention strength with APA compared to self-curing method with 
APA. There was no significant effect of thermocycling treatment on retention strength of 
the cements tested. There was no significant effect of different cement spaces on 
retention strength except for Ceramir C&B without APA and Multilink Automix with and 
without APA (P < 0.0001). 
Conclusions:   
1- There was a significant difference in retention strength to zirconia among tested 
cements in self and light curing methods.   
2- Light curing resin cements influenced retention strength to zirconia for the tested 
cements. 




4- Increasing the cement space from 50μm to 100μm had no significant difference in 
retention strength to zirconia except for Ceramir C&B without APA and Multilink 
Automix with and without APA. 
5- Thermocycling had no significant effect of on retention strength to zirconia for 
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Chapter 1. INTRODUCTION 
 
The use of CAD/CAM restorations offers useful advantages over conventional indirect 
restorations such as reducing fabrication time and potential errors. This makes this 
technology an attractive and spreading trend among dentists and lab technicians. One of 
the most common indirect restorations is zirconia-based restoration. Although the 
excellent mechanical properties and adequate esthetics, the success of these restorations 
depends on the achievement of adequate retention.  
 
1.1 Zirconia Brief background 
Yttria partially stabilized tetragonal zirconia has been widely used in dentistry. The 
superior mechanical properties and biocompatibility of zirconia compared to other 
ceramics and also its acceptable esthetics made this material suitable for various 
applications in prosthodontics therapy.1,2 This interest in zirconia has increased 
tremendously as a result of discovery of its transformation toughening capabilities in the 
mid-1970s.3 Zirconia has three crystalline structural forms depending on the temperature. 
Monoclinic form at room temperature and upon heating up to 1170 °C, Tetragonal form 
between 1170 and 2370 °C, and cubic form above 2370 °C and up to the melting point.4 
Unless stabilized, transformation from the tetragonal phase to the monoclinic phase upon 
cooling is accompanied by an increase in volume and subsequent catastrophic failure.3 
Oxides such as calcium oxide, magnesium oxide, and Yttrium oxide are alloyed with 
pure zirconia to retain the tetragonal structure at room temperature, which help arresting 




When planning an indirect restorative restoration, the preparation design, 
restorative material choice, and cement’s type are important elements in the success of 
the treatment.5,6 While optimal preparations provide adequate resistance and retention 
forms, crowns with less than ideal forms can benefit from cements with durable bonding. 
Unlike metal-based restorations, auxiliary mechanical features usually cannot be used 
with zirconia restorations.7,8 
 
1.2 Dental Cements Background 
Dental cement is defined as “binding agent used to firmly unite two approximating 
objects; and that, on hardening, will fill a space or bind adjacent objects”.9 Dental 
cements have two main functions: to retain the restoration and to maintain the integrity of 
the substrate. Failure in the cement/substrate joint can lead to marginal leakage, transition 
of bacteria and oral fluids and subsequent degeneration of the cement interface.10 
Schillingburg et al.11 described three mechanisms of luting: non-adhesive, 
micromechanical, and molecular adhesion. In the non-adhesive mechanism, the cement 
fills the gap between the substrates and prevents leakage of fluids. In the 
micromechanical mechanism, the surface irregularities are enhanced either mechanically 
or chemically to provide more surface defects for the cement to interlock. Molecular 
adhesion mechanism is a result from physical forces such as Van der Waals and bipolar, 




1.3 Classifications of Dental cements 
With the large variety of dental cements available, the choice of the proper cement is 
confusing even for experienced clinicians. Craig 12 classified luting cements according to 
their major composition into: zinc phosphate; zinc silicophosphate; zinc oxide-eugenol; 
zinc polyacrylate; glass-ionomer; and resin cements. Whereas O’Brien13 classification 
was based on the matrix bond type (phosphate, phenolate, polycarboxylate, resin, and 
resin-modified glass-ionomer). Donovan and Cho14  proposed a simplified classification 
in 1999. They classified luting cements into conventional luting cements (zinc phosphate, 
polycarboxylate and glass ionomer cements) and contemporary luting cements (resin-
modified glass-ionomers and resin cements). 
 
1.3.1 Zinc Phosphate Cement 
Zinc phosphate luting cement was introduced in the late 1800s. It has been used with a 
high degree of success for different types of prosthesis and considered the gold standard 
to which cements are compared. The setting reaction of zinc phosphate cements is an 
acid-base reaction and is supplied as powder/ liquid formula. The powder composed of 
90% ZnO and 10% MgO and the liquid consist of 67% phosphoric acid and 33% water.15 
The good physical properties of this cement made it suitable for use in high stress area 
and long span fixed prosthesis.16 Although the long term success of zinc phosphate, its 
use decline over the years because of its postoperative sensitivity, low color stability and 
solubility.17 Furthermore, zinc phosphate cements does not bond chemically to any 




1.3.2 Zinc Polycarboxylate Cement 
Zinc polycarboxylate cement was introduced in 1968. It was the first luting cement that 
would adhere to tooth structure. The setting reaction of zinc polycarboxylate cement is an 
acid base reaction. The cement powder is zinc oxide and the liquid is 30% to 43% 
solution of polyalkionic acids.18 Although better biocompatibility and chemical adhesion, 
zinc polycarboxylate cements yielded lower retention values compared to zinc phosphate 
cements and therefore is used nowadays as a strong temporary cement.15 
 
1.3.3 Glass Ionomer Cement 
Glass-ionomer cement was introduced by Wilson and Kent in early 1970s.19 The setting 
reaction is an acid base reaction. The powder consists of aluminum fluorosilicate glass 
and the liquid is a mixer of weak polyalkionic acids. Several studies showed that glass 
ionomer cements have good physical properties as well as the ability to release 
fluoride.20-22 Also these cements can bond chemically to tooth structure as a result of 
chelation of the carboxylic groups with the calcium and phosphate ions of the 
hydroxyapatite.12,23 The drawbacks of glass ionomer cements are the portability to water 
sorption/solubility, limited esthetic, and their early moisture sensitivity that can affect its 
strength.24 Post-operative sensitivity has been also reported with glass ionomer cements 
due to the cement’s initial acidity during its setting reaction.17 
Improvements in the original formulation of glass ionomer cements led to the 
introduction of the resin modified glass ionomer cements in 1988. It is basically a hybrid 
formulation of glass ionomer cement and resin. In the original formula, part of the water 
component of glass ionomer was replaced with hydroxymethyl methacrylate monomers. 
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Initiator/activator systems were also incorporated to control the setting.25 Newer systems 
included other monomers such as ethylene glycol dimethacrylate, glycidylmethacrylate, 
Bisphenol-A epoxy (Bis-GMA), and other chemicals to control the resin polymerization. 
This results in dual polymerized cement, allowing longer working time and better 
mechanical properties when compared to the conventional glass ionomer cements.15,25 
One of the latest developments of glass ionomer cements was the introduction of 
Ceramir Crown & Bridge cement in 2009. It is a water-based cement that set by acid base 
reaction. It is a mixture of glass ionomer cement and calcium aluminate. The addition of 
calcium aluminate improved its biocompatibility by promoting basic pH throughout its 
setting reaction. Furthermore, This cement is considered as bioactive cement because of 
its ability for remineralization by forming hydroxyapatite.26  
Because of the glass ionomer component of Ceramir, it has an antibacterial 
property by releasing fluoride.27 Ceramir C&B manufacturer (Doxa) claims excellent 
mechanical properties comparable to resin cements.28 
 
1.3.4 Resin cement 
Resin cements have been available since 1950s for cementation of indirect restorations.29 
The earlier unfilled versions had many problems such as: high polymerization shrinkage, 
tissue inflammation, high wear, secondary decay, high water sorption, and color 
instability.29,30  
In 1951, Knock and Glenn added inorganic fillers (Aluminum oxide) to reduce 
polymerization shrinkage.31 The main drawback of this first generation was that fillers 
were not bonded to the matrix and easily detached. In 1960s, Dr. Rafael Bowen added 
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glass particles (borosilicate glass) and was able to chemically bond them to the resin 
matrix (Bis-GMA) using vinyl-saline treatment. This technique allowed a higher filler 
load that led to higher wear resistance of matrix.32 In early 1980s, conventional resin 
cement was modified by adding a phosphate ester to the components. The result was a 
luting agent that have a degree of chemical bonding as well as a micromechanical 
bonding to tooth structure and indirect restorations.33 Since then, many alterations have 
been done to improve the mechanical and biological properties of resin cements. 
 
1.3.4.1 Composition of resin cement 
In general, resin cements are similar in formulation to direct composite fillings, but the 
composition has been altered to serve the requirement of luting indirect restoration. They 
are all composed of a polymeric matrix, reinforcing fillers, silane coupling agent for 
binding the fillers to the matrix, and chemicals that promote or modulate the 
polymerization reaction.31  
 Polymeric matrix: most commonly used polymer matrixes are Bisphenol-
A-Glycidyl methacrylate (Bis-GMA), Urethane dimethacrylate (UDMA), 
or a mixture of both. Bis-GMA and UDMA are viscous for clinical use, 
triethylene glycol dimethacrylate (TEGDMA) usually added by 
manufacturers to reduce the viscosity. 
 Inorganic fillers: such as glass (e.g. borosilicate glass, zinc glass, barium 
aluminum silicate, and strontium), quartz, or silica. The first generations 
contained spherical shaped fillers while later generations mostly contained 
irregular shaped particles. The filler size ranges from 10 nm to 100 nm. 
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 Coupling agent (silane): organic silicon that helps binding the fillers to 
the polymeric matrix. Silane is a bifunctional agent that has the ability to 
react with the inorganic fillers by a hydroxyl group and with organic 
matrix by a carbon double bond.  
 Other components of the matrix: 
o Initiators-accelerators: to control the setting reaction and classify 
composite resins into self-cure (chemical cure), light cure, and dual 
cure. The chemical cure reaction is initiated when the tertiary 
aromatic amine activator (catalyst) reacts with the benzoyl 
peroxide accelerator (universal paste). Light cure resins contain a 
photo-initiator, most commonly camphoroquinone (CQ). The 
reaction is initiated by a light source that allows the photoinitiator 
molecule to absorb energy and react with the organic amine results 
in the production of free radicals. Dual cure resins contain 
accelerators and initiators of both self-cure and light-cure systems. 
o Polymerization inhibitors: such as hydroquinone and are used to 
lengthen the working time of the resin cement.  
o Optical modifiers: are metal oxides and added in trace amounts to 
produce resin cements with different translucencies and shades. 
 
1.3.4.2 Classification of resin cements according to adhesive characteristics 
Resin cements can be classified according to adhesive characteristics into: total-etch 
cements, self-etch cements, and self-adhesive cements. Conventional cements (total-etch 
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and self-etch) require pretreatment of the tooth surface prior to cementation while self-
adhesive resin cements can bond to tooth surface without pretreatment.34 
 Total etch resin system:  
Total etch resin cements require total removal of smear layer by the use of 30% to 40% 
phosphoric acid. After etching, separate adhesive is applied to the tooth surface to bond 
the cement to the etched surface. Several studies showed that the total-etch cements 
demonstrate the highest bond strength. However, the total-etch cements require more 
steps and technique sensitivity than self-etch and self-adhesive cements.30,35 
 Self-etch resin cement system: 
Self-etch resin cements involve fewer steps than the total-etch cements due to the 
elimination of the etching step in the total-etch approach. Instead, weak acidic monomers 
are incorporated with the primer such as 10-Methacryloyloxydecyl dihydrogen phosphate 
(10-MDP), 4-methacryloyloxyethy trimellitate anhydride (4-META) and glycero-
phosphate dimethacrylate (GPDM). Although self-etch cements showed lower bond 
strength to enamel when compared to total etch, they show comparable if not higher bond 
strength to dentin substrates. The majority of self-etch resin cements are dual cure 
cements.30 
 Self-adhesive resin cement system: 
The newest category is the self-adhesive resin cements. These cements do not require any 
surface treatment prior to cementation. Although the simple application of these cements, 




1.3.4.3 Classification of resin cements according to polymerization reaction 
Resin cements can be also classified according to their polymerization reaction into: 
Chemical cure, light cure, and dual cure.36  
 Chemical cure resin cement system: 
Chemical cure resin cements polymerize exclusively in the absent of a light source. This 
system is recommended to be used in clinical situations where light polymerization is 
difficult such in cementing metal endodontic posts and with metal based restorations.37   
 Light cure resin cements system: 
Light cure resin cements are activated by the use of a light source. The advantage of 
using such system enables clinicians to control the working time and ease the removal of 
excess cement prior to polymerization. The light cure resin cement is recommended to be 
used in indirect restorations that allow the transmission of light such as thin ceramic 
veneers.38 
 Dual cure resin cements system:  
Dual cure resin cements can be polymerized chemically or by the use of a light source. 
The use of this system clinically is recommended when the ceramic is too thick or too 
opaque thus allowing the clinicians to seal the restoration margins when exposing them to 
a light source.39 
 
1.3.4.3 The effect of light activation on dual cure resin cements 
Many available types of cement nowadays are dual cure cements. When the base and 
catalyst components of the cement are mixed, the polymerization starts due to the tertiary 
aromatic amine activator component of the catalyst. These cements can also benefit from 
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light activation due to the presence of photosensitive initiators such as comphorquinone.40 
The polymerization of dual cure cements with and without light curing showed 
controversial results. In 2001, Caughman et al.41 evaluated the degree of conversion of 6 
dual cure resin cement (Calibra, Choice, Insure, Lute it, Nexus, and Variolink II) with 
and without light cure activation. Specimens were either cured through 0.8 mm mylar 
strips or a 3mm ceramic disks. Dual cure cements with light activation under 3 mm 
ceramic disks exhibited degree of conversions at least 97% of groups with mylar strips. 
In the absence of light activation, degree of conversion was at least 86% of control for all 
cements except for Variolink II and Choice which were light cure cements. Degree of 
conversion values for light curing mode under ceramic disks were significantly less than 
light curing under mylar strips. Most of dual curing cements achieved similar conversion 
regardless of polymerization mode. 
In 2010, Yan et al.42 evaluated the degree of polymerization of six resin cements 
(Choice 2, RelyX Veneer, Multilink, C&B, Calibra, and RelyX ARC) up to seven days 
using the degree of conversion and microhardness tests. They found that the degree of 
polymerization at different time points is material dependent. Significant polymerization 
reaction was finished after 24 hours in self cure, dual cure and light cure modes.  
In 2012 silva et al. 43 examined the effect of light activation on degree of 
conversion in dual-cured resin cements. Three cements were tested (Enforce, RelyX 
ARC, and Panavia F).  They found that light activation yielded higher degree of 
conversion on all cements after 24 hours storage.  
In 2013, Shiomuki et al.44 evaluated the effect of light activation on the degree of 
polymerization of dual-cure cements under zirconia and silver-palladium-copper-gold 
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alloy. Panavia F2.0 was used to cement the specimens on bovine enamel. Vicker hardness 
test was used to evaluate the degree of polymerization on the enamel side of the 
cemented specimens. For both materials, light curing the margins did not have a 
significant effect on the degree of polymerization of dual cure resin cement after 24 hours 
storage.  
 
1.4 Bonding to Zirconia 
One of the major challenges when restoring teeth with zirconia restorations is their 
retention. 45,46 Unlike silica-based ceramics, the absence of the glassy phase in zirconia 
makes it resistance to acid etching with hydrofluoric acid thus hinder its bond to dental 
cements.  
Several techniques have been introduced to reach reliable and durable bond 
strength of zirconia. These techniques can be mechanically such as: airborne particle 
abrasion and tribochemical silica coating or chemically such as the use of MDP-monomer 
(methacryloyloxydecyl dihydrogen phosphate) containing primers and luting agents. 
Some novel techniques involve laser treatment, acid etching, or glaze on but there effect 
is still questionable. 47 
 
1.4.1 The Effect of Airborne Particle Abrasion (APA) 
Aluminum oxide particle abrasion has been proposed to roughen the zirconia surface and 
increase the mechanical interlocking of the cement thus results in higher retention 
strength. Several parameters of airborne particle abrasion had been proposed such as: 
grain size ranging from 50 to 125 μm, pressure ranging from 0.05 to 0.45 MPa, nozzle 
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distance to zirconia surface ranging from 5 to 20 mm, and time ranging from 5 to 30 
seconds. 47 
1.4.2 The Effect of Tribochemical Silica Coating 
This method of surface coating is done by microblasting and roughening the restoration 
surface with silica modified aluminum oxide which can impregnated on the surface and 
results in the formation of a surface that is can be silanated. 48 
 
1.4.3 The Effect of Chemical Bonding 
Modern primers and luting agents that contain MDP-monomers capable to chemically 
bond to zirconia. The phosphate-ester group of MDP monomers can react chemically to 
the oxide surface of zirconia and to the substrate. Also, these monomers have the ability 
of increasing the surface wetting by reducing the contact angle. 49  
Kern and Wagner 50 in 1998 evaluated the effect of different surface treatment on 
bond strength to zirconia. Three cements (Estiseal LC/Twinlook, Panavia Ex and Dyract 
Cem) were used with either a silane coupling agent (Espe-Sil) or acrylonitrile primer 
(Kevloc primer) to bond composite rods to zirconia discs. The zirconia discs were either 
air abraded with 110μ Al2O3 or silica coated using Rocatec system. Samples were tested 
after storage in water for 3 or 150 days. Results showed that air abrasion combined with 
saline treatment resulted in low initial bond strength (14 - 15.1 MPa) and failed 
spontaneously over storage time. Tribochemical silica coating yielded high initial bond 
strength (29 MPa) but decrease significantly over storage period (12.8 MPa). The use of 
the phosphate modified cements combined with air abraded zirconia resulted in the 
highest bond strength values over storage period (37.4 – 49.8 MPa).  
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In 2008, Akgungor et al.51 evaluated the effect of different surface treatment on 
the bond strength of zirconia restorations. Zirconia posts (n=20) received 4 different 
surface treatments: airborne-particle abrasion, tribochemical silica coating (CoJet) and 
silanization, airborne-particle abrasion and MDP-containing primer (Clearfil SE Bond 
Primer) / silane coupling agent (Clearfil Porcelain Bond Activator) mixture, and 
tribochemical silica coating and MDP-containing primer / silane coupling agent mixture. 
Surface roughness was measured using an optical profilometer and push out-test were 
performed. Specimens stored in water for 24 hours or 150 days with 37,500 thermal 
cycles. Push-out tests were performed with a universal testing machine. They concluded 
that short-term high bond strength obtained with silica-coated zirconia posts was higher 
than air abraded specimens but decreased when water storage and thermal cycling. 
Durable bond could be obtained with the airborne-particle-abraded post surface and MDP 
primer / silane mixture was applied.  
In 2010, Yang et al.52 evaluated the effect of different surface treatments (no air-
abrasion, air-abrasion with 50μ Al2O3 and priming with adhesive primers) on the long-
term bond strength to zirconia ceramic. Combinations of 2 surface conditions (control, 
air-born particle abrasion) and four priming treatments (control, Metal/Zirconia Primer, 
Alloy Primer, Clearfil Ceramic Primer) were tested. Composite resin rods were bonded 
with RelyX Unicem luting cement to zirconia disks (n=16) and stored water either for 3 
days or 150 days with 37,500 thermocycling. Tensile bond strength was performed with a 
universal testing machine. Results showed a durable bond when a combination of 
airborne particle abrasion and MDP containing primers were used. Metal/Zirconia Primer 
air-abrasion did not provide durable bond strength to zirconia ceramic.  
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In 2010 Akyil et al.53  examined the bond strength of zirconia surfaces treated 
with air abrasion, silica coating, and laser irradiation to resin cement. Groups tested were: 
control; air abrasion; silica coating; Er:YAG laser; Nd:YAG laser; COs laser; air abrasion 
(110μ Al2O3) and Er:YAG laser; air abrasion and Nd:YAG laser; air abrasion and  CO2 
laser (n=15). Composite cylinders were cemented with Clearfil Esthetic cement. Shear 
bond strength was performed after 24 h water storage and after thermocycling for 500 
cycles. The highest bond strength was obtained in the air abrasion and silica-coating 
groups while the lowest bond value was obtained in the laser groups.  
 
1.5 The Effect of Cement Space 
One of the concerns affecting the durability of zirconia-based restoration is there internal 
fit. 54,55 Although zirconia restorations were found to have clinically acceptable marginal 
fit, the axial fit discrepancy was evident. 56,57 
In 2007, Ebert et al.58 evaluated the effect of particle air abrasion and luting-gap 
size on the retention of zirconia copings. Zirconia copings were bonded to titanium 
abutments with cement gaps of either 30 μm or 60 μm using resin cement (Panavia F2.0). 
Zirconia copings were pretreated with airborne particle abrasion or just cleaned with 
alcohol. Retention was measured after storage in water and thermocycling for 1, 30, 60, 
or 150 days. They found that air particle abrasion, cement gap, and storage time 
significantly influenced retention. Air abrasion increased the retention significantly. Air-
abraded copings with 30-microm luting gap yielded greater retention than 60-micron 
luting gap.  
In 2012, Son et al. 59  evaluated the influence of internal-gap width and cement 
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type on the retention of zirconia. Three cements (Panavia F 2.0, RelyX Unicem, and 
RelyX Luting) were used to cement zirconia copings on natural teeth (n = 8). The cement 
space was either 40 μm or 160 μm. The copings were particle abraded before 
cementation. After 10,000 cycles of thermocycling, the retention strength was evaluated 
by pullout test using a universal testing machine. In the 40 μm gap groups, Panavia F had 
the highest retention strength while RelyX Unicem had the highest retention strength in 
160 μm groups. They concluded that the effect of different internal gaps on retention of 
zirconia copings is material dependent.  
 
1.6 The Effect of Aging on crown retention 
To evaluate the durability of laboratory testing of restorative materials, simulation of oral 
condition is an important factor to consider. Several methods had been proposed for 
aging the restorative materials such as water storage, thermocycling, and fatigue loading. 
60,61 As for bond strength, thermocycling is a reasonable stressing method to simulate oral 
conditions. 60 
 
1.7 Statement of The Problem 
Although, several articles reporting retention strength of zirconia in current literature, no 
consensus exists regarding the best luting cement, surface treatment and cementation 






The objectives of this study are to: 
1. Compare the retention strength of contemporary cements to zirconia. 
2. Evaluate the effect of curing method of cements on retention strength to zirconia. 
3. Evaluate the effect of air particle abrasion on retention strength to zirconia. 
4. Evaluate the effect of increasing the cement gap on retention strength to zirconia. 
5. Evaluate the effect of thermocycling on retention strength to zirconia. 
 
1.9 Hypothesis 
1- There is no significant difference in retention strength among different cements to 
zirconia. 
2- There is no significant difference in retention strength to zirconia between self-
cure and light cure cement groups. 
3- There is no significant difference in retention strength between control and air 
abraded zirconia groups. 
4- There is no significant difference between 50μm and 100μm cement thicknesses 
on retention strength to zirconia. 




Chapter 2. MATERIALS AND METHODS 
 
This in vitro study was conducted to evaluate bond strength of different cements with 
similar clinical indications to zirconia. It included 2 self-etch resin cements, 3 self 
adhesive resin cements, and one bioceramic (calcium aluminate) cement. 
 
2.1 Materials  
2.1.1 Cement systems used in the study 
 The adhesive resin cement used in the study: 
o Cem EZ. (Lot # L04V1) 
 The self etch resin cements used in the study: 
o Multilink Automix. (Lot # V06379) 
o Panavia F2.0. (Lot  # 000022) 
 The self adhesive resin cements used in the study: 
o Duolink. (Lot # 1600007518) 
o Theracem. (Lot # 1700004051) 
o Bifix. (Lot # 1707351) 
 The bioceramic system used in the study: 
o Ceramir C&B (Lot #101963) 





Table 1. Characteristics of cement systems used in the study. 
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colloidal silica; dl 
Camphoroquinone; 
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barium glass filler; 
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Alloy primer: acetone; 
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2.1.2 Zirconia used in the study  
 Zirconia Y-TZP powder: 
o TZ-3YB-E. (Table2, Figure 1) 
Table 2. Characteristics of zirconia powder used in the study. 





























2.1.3 Equipment used 
 Pressing machine. (Carver Inc, Wabash, IN, USA). 
 Sintering oven: Vita ZYrcomat furnace (VITA North America, Yorba Linda, CA 
U.S.A). 
 Computer numeric controlled machine (EMCO GmbH, Hallein, Austria). 
 Airborne particle abrasion machine (Renfert, St.Charles, IL, USA). 
 Instron 5566A Universal Testing machine (Instron, Norwood, MA, USA) 
 Thermocycling machine (Sabri Dental Enterprises, Grove, IL, USA). 




2.2.1 Specimen preparation 
A crown-core simulation system used and consisted of custom-made zirconia rings and 
cylindrical steel rods. Zirconia powder was uniaxially pressed using a die press mold 
(Pober Industries Co., Waban, MA, USA) into ring shaped specimens.  
The die press mold consists of: (Figure 2) 
1- Core holder. 
2- Three punches: two of the same diameter and precisely fit inside the outer punch. 
3- Core pin. 
4- Push-out pin. 












Figure 2. Pressing parts for the fabrication of the zirconia rings. 1. Core holder. 2, 3, 
& 4. Punches. 5. Core pin. 6. Push out pin. 7. Push out ring. 
The outer and one of the inner punches were assembled. The core pin was inserted into 
the set and provided a well for the powder to be loaded between the outer punch and the 
core pin. Three grams of zirconia powder was loaded and covered using the second inner 
punch. The assembled die set was placed over the core holder to be ready for pressing. A 
bench top manual pressing machine (Carver Inc, Wabash, IN, USA) was used to apply a 




























Figure 3. Pressing the loaded zirconia powder with pressing dies. 
To extract the pre-sintered zirconia rings, a push-out pin was aligned on the core pin and 
pushed out carefully with minimum load using the pressing machine. The core was then 
placed on the push-out ring and the die was stripped out of the punches and the ring 











Figure 4. Extruded Specimen after die pressing 
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The pre-sintered zirconia rings were carefully removed and stored until sintering. The 
ring dimensions before sintering were 15.6 mm outer diameter, 6.9 mm height and 7.7 
mm inner diameter. The die press assembly was cleaned under running water and 
detergent and sprayed with WD-40 lubricant (WD-40 Company, San Diego, U.S.A) after 
every use to displace the residual moisture and to insure smooth sliding of all Parts. 
The rings were fully sintered at 1530°C (holding time of 2 hours and a heating rate of 
70°C/min) using Vita ZYrcomat furnace (VITA North America, Yorba Linda, CA, 
U.S.A). The dimensions of the fully sintered rings were 12.5 ± 0. mm outer diameter, 5.5 
± 0.1 mm height and 6.147 +24 -4 inner diameter (Figure 5). The inner diameter of the 









Figure 5. Zirconia rings. A. Before sintering. B. After sintering. 
Steel rods (McMASTER-CARR, Robbinsville, U.S.A) were used according to the inner 
diameter of the zirconia rings allowing a cement gap of 100 or 200 μm according to the 
study design. The steel rods were mounted on a computer numeric controlled machine 




St.Charles, IL) was fixed at a constant distance of 20 mm at right angle from the steel rod 
to insure uniform surface treatment. The rods were air abraded with 100 μm aluminum 
oxide particles at 4 bars for 20 seconds. Next, the steel rods were immersed in 70% 
isopropyl alcohol and cleaned in an ultrasonic unit for 2 minutes.  
 
2.2.2 Cementation process 
In order to centralize the steel rods to the zirconia rings, stainless steel cementation jig 
was machined to fit the outer diameter of the zirconia rings and the diameter of the 
corresponding steel rods (Figure 6).  
 
Figure 6. Steel rod and zirconia ring mounted on custom made stainless steel 
cementation jig. 
The zirconia rings and steel rods were prepared for cementation according the 
manufacturers’ instructions (Table 3). The cements were applied to the outer surface of 
the steel rods and the intaglio surface of the zirconia rings and seated using the 
cementation jig. The excess cement was removed using a microbrush. Polymerization 
method for each group was carried out according to the study design. The specimens 
were stored in 100% humidity at 37°C for 24 hours before retention strength test.  
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Table 3. Bonding treatment of zirconia rings and steel rods. 
Cement Steel rod treatment Zirconia treatment 
Multilink Automix Monobond Plus Monobond Plus 
Panavia F2.0 Alloy Primer N/A 
Duolink Z-prime for 60 seconds Z-prime for 60 seconds 
Cem EZ Prelude One for 20 seconds Prelude One for 20 seconds 
Bifix N/A N/A 
Theracem N/A N/A 
Ceramir C&B N/A N/A 
 
2.2.3 Retention strength 
Retention values were obtained by an Instron 5566A Universal Testing machine (Instron, 
Norwood, MA, USA) with 1 kN load cell. Specimens were placed in a custom made 
specimen’s holder that allowed extrusion of the core upon testing (Figure 7).  
 
Figure 7. Schematic view of specimen holder used for testing machine. 
 










The steel core was pushed out of the zirconia rings with a flat-ended steel compression 
rod at a crosshead speed of 1 mm/min and was controlled by BlueHill 3 software 
(Instron, Norwood, MA, USA). Maximum load to failure was recorded and the retention 
strength values were calculated using the following formula:  
 
Retention strength (MPa) = Load (N) / surface area 
Where:  
Load= maximum load to failure in N. 
Surface area = 2πrh 
r = radius of specimen (mm) 
h = height of specimen (mm) 
 
2.3 Cement curing methods 
Cement systems tested and study design are displayed in Table 4. Specimens were either 
light cured or chemically cured according to study design except for Ceramir C&B. The 
light cure groups were polymerized using Bluephase 16i light curing unit (Ivoclar 
Vivadent Inc., Schaan, Liechtenstein) according to the manufacture’s recommendations.  
After samples fabrication and storage period, the specimens were subjected to the same 








Table 4. Group distribution according to polymerization method. 
Cement Polymerization method n 
Multilink Automix 
Self cure 10 
Light cure 10 
Panavia F2.0 
Self cure 10 
Light cure 10 
Duolink 
Self cure 10 
Light cure 10 
Bifix 
Self cure 10 
Light cure 10 
Theracem 
Self cure 10 
Light cure 10 
Ceramir C&B Self cure 10 
 
2.4 Air particle abrasion 
The effect of Aluminum oxide particle abrasion treatment (APA) on zirconia was also 
evaluated. Combinations of cement systems, surface treatment and polymerization 
method were tested according to study design (Table 5). For air abrasion surface 
treatment, a group of zirconia rings were mounted on a computer numeric controlled 
machine (EMCO, Hallein, Austria). The intaglio surface of the zirconia rings was treated 
with 100 μm aluminum oxide particles at 4 bars for 10 seconds. The airborne particle 
abrasion nozzle was fixed at a constant distance of 20 mm from the zirconia rings at a 45-
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degree angle (Figure 7). After specimens’ fabrication and storage period, the specimens 
were subjected to the same retention test explained previously. 
 
Figure 8. Zirconia ring mounted on a rotary machine for air abrasion surface.  
 
Table 5. Group distribution for air abrasion effect on retention strength to zirconia. 





Air abrasion 10 
Light cure** 
Control 10 
Air abrasion 10 
Ceramir C&B Self cure 
Control 10 
Air abrasion 10 
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* Resin cements used are: Multilink Automix; Panavia F2.0; Duolink; Bifix; Theracem. 
** CemEZ was added at this level. 
 
2.5 Thermocycling 
A thermocycling machine (Sabri Dental Enterprises, Grove, IL, USA) was calibrated and 
prepared for use. Combinations of surface treatment, curing mode and cement thickness 
that showed the highest retention value for each cement (air-abraded zirconia and light 
curing polymerization for resin cements, no air-abrasion of zirconia and chemically 
curing for Ceramir C&B) were subjected to thermocycling. The specimens were aged for 
5000 cycles in cold/hot water baths (5°C and 55°C) with a dwell time of 30 seconds and a 
transfer time of 15 seconds. After thermocycling period, the specimens were subjected to 
the same retention test. Combination of cement system, polymerization method and 
cement thickness for the thermocycling are displayed in Table 6. 
 
Table 6. Group distribution for thermocycling effect on retention strength to 
zirconia. 








Light cure Air abrasion 50 10 
Ceramir C&B Self cure No air abrasion 50 10 






2.6 Control of cement thickness on crown retention 
The effect of two cement spaces was evaluated. The steel rods were either 100 μm or 200 
μm smaller in diameter than the assigned zirconia rings allowing a 50 μm and 100 μm 
cement space respectively. Cements tested with respected cement space and surface 
treatment are displayed in Table 7. All resin cements were light cured while Ceramir 
C&B was used with self curing mode. After specimens’ fabrication and storage period, 
they were subjected to the same retention test explained previously.  
 
Table 7. Group distribution of specimens for cement space effect on retention 













Air abrasion 10 
100 
Control 10 
Air abrasion 10 
 
2.7 Statistical analysis 
The statistical analysis was performed using the JMP Pro 13 statistical software (SAS, 
Cary, NC). Descriptive values were recorded as mean retention strength (MPa), 
standard deviation (SD), and coefficient of variance (CoV). To analyze statistical 
difference between groups, a one-factor analysis of variance (ANOVA) was performed. 
When significant differences were identified, means were compared using Tukey-
Kramer’s multiple comparison test. Statistical significance was set at p < 0.05. The 
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influence of independent variables on retention strength was also evaluated using effect 




Chapter 3. RESULTS 
 
3.1 The effect of curing method on crown retention 
3.1.1 Control  
For this part of experiments, retention strength was evaluated for cements with self and 
light curing methods without APA. 
 
3.1.1.1 Retention strength data for tested cements with self cure method 
A push out test was performed to evaluate retention strength for 3 self-etch resin cements, 
2 self-adhesive resin cements, and one bioceramic cement using self curing method. 
Mean retention strength (MPa), standard deviation (SD), coefficient of variation (CoV), 
and statistical significant are displayed in Table 8 and Figure 9. 
 
Table 8 Descriptive statistics for tested cements with self cure method. 
Cement system 
Mean retention strength 
(MPa) 
SD CoV n 
Ceramir C&B 8.27 a 0.92 11.12 10 
Panavia F2.0 5.50 b 1.25 22.73 10 
Multilink Automix 4.07 c 0.87 21.38 10 
Bifix 4.06 c 0.82 20.2 10 
Duolink 4.82 b,c 0.67 13.9 10 
Theracem 7.29 a 1.22 16.74 10 




*Bars not connected by the same letters are significantly difference. 
Figure 9. Mean retention strength to zirconia for tested cements with self cure 
method. 
One-factor analysis of variance (ANOVA) was used to analyze statistical 
difference between group means. There was statistical significant difference in retention 
strength among the groups tested (P < 0.0001) (Table 9). Tukey-Kramer’s multiple 
comparison test was performed to identify groups with significant difference . Alpha was 
set at 0.05. 
Table 9 Analysis of variance for tested cements with self cure method. 
Source DF Sum of Squares Mean Square F Ratio P-value 
Cement 5 152.94437 30.5889 31.6360 < 0.0001 
Error 54 52.21259 0.9669   










































3.1.1.2 Retention strength data for tested cements with light cure method 
A push out test was performed to evaluate retention strength for 3 self etch resin cements, 
2 self adhesive resin cements and one adhesive resin cement using light curing method. 
Mean retention strength (MPa), standard deviation (SD), coefficient of variation (CoV), 
and statistical significant are displayed in Table 10 and Figure 10. 
Table 10.  Descriptive statistics for tested cements with light cure method. 
Cement system 
Mean bond strength 
(MPa) 
SD CoV n 
Panavia F2.0 4.96 d 1.05 21.11 10 
Multilink Automix 8.04 b 1.72 21.33 10 
Bifix 5.77 c,d 0.85 14.73 10 
Duolink 7.21 b,c 0.82 11.42 10 
Theracem 8.34 a,b 1.03 12.30 10 
CemEZ 9.87 a 1.58 16.02 10 







































*Columns not connected by the same letters are significantly difference.  
Figure 10. Mean retention strength to zirconia for tested cements with light cure 
method. 
One-factor analysis of variance (ANOVA) was used to analyze statistical 
difference between group means. There was statistical significant difference in retention 
strength among the groups tested (P < 0.0001) (Table 11). Tukey-Kramer’s multiple 
comparison test was performed to identify groups with significant difference (P < 0.05). 
Table 11. Analysis of variance for tested cements with light cure method. 
Source DF Sum of Squares Mean Square F Ratio P-value 
Cement 5 160.71038 32.1421 21.4482 < 0.0001 
Error 54 80.92407 1.4986   
C. Total 59 241.63445    
 
3.1.1.3 Comparison of retention strength data for tested cements with light and self curing 
methods 
Mean retention strength for light and self curing methods were compared for 3 self etch 
resin cements and 2 self adhesive resin cement. Ceramir C&B was excluded due to the 
absence of light curing ability. The mean retention strength (MPa), standard deviation 
(SD), coefficient of variation (CoV), and statistical significant are displayed in Table 12 
and Figure 11.  
One-factor analysis of variance (ANOVA) was used to analyze statistical 
difference between group means. There was statistical significant difference in retention 
strength among the groups tested (P < 0.0001) (Table 13). Tukey-Kramer’s multiple 




Table 12. Descriptive statistics for tested cements with light and self cure methods. 
Cement Curing method 
Retention strength 
(MPa) 
SD CoV n 
Panavia F2.0 
Self cure  5.50 c,d 1.25 22.83 10 
Light cure  4.96 c,d 1.05 21.17 10 
Multilink Automix 
Self cure 4.07 d 0.87 21.29 10 
Light cure 8.04 a 1.72 21.39 10 
Bifix 
Self cure 4.06 d 0.82 20.27 10 
Light cure  5.77 b,c 0.85 14.73 10 
Duolink 
Self cure  4.82 c,d 0.67 13.94 10 
Light cure  7.21 a,b 0.82 11.37 10 
Theracem 
Self cure  7.29 a,b 1.22 16.79 10 
Light cure 8.34 a 1.03 12.35 10 
*Levels not connected by the same letter are significantly different. 
 





































Self cure Light cure
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Figure 11. Mean retention strength to zirconia for tested cements with self and light 
curing methods. 
Table 13. Analysis of variance for tested cements with self and light curing methods. 
Source DF Sum of Squares Mean Square F Ratio P-value 
Model 9 230.52402 25.6138 22.3900 <.0001 
Error 90 102.95841 1.1440   
C. Total 99 333.48243    
 
3.1.1.4 Interactive effects of curing method and cement system 
The influence of curing method and cement system on retention strength was also 
evaluated. Ceramir C&B was excluded from the analysis due to lack of light curing 
ability. The effect tests are displayed in Table 14. There was a significant effect of each 
independent variable on retention strength (P < 0.001). Variables with the most effect are 
shown in Table 15. 
 
Table 14. Effect tests for cement system and curing method. 
Source Nparm DF 
Sum of 
Squares 
F Ratio P-value 
Cement 4 4 101.44843 22.1700 < 0.0001* 
Curing method 1 1 73.75156 64.4691 < 0.0001* 
Cement*curing method 4 4 55.32403 12.0902 < 0.0001* 





Table 15. Effect summary for cement system and curing method. 
Source LogWorth  P-value 
Cement 12.035  0.00000* 
Curing method 11.450  0.00000* 
Cement*Curing method 7.181  0.00000* 
* Statistical significant difference. 
 
3.1.2 Air particle abrasion (APA) 
For this part of experiments, retention strength was evaluated for cements with self and 
light curing methods after APA.  
 
3.1.2.1 Retention strength data for tested cements with self cure method after APA 
A push out test was performed to evaluate retention strength for 3 self etch resin cements, 
2 self adhesive resin cements, and one bioceramic cement after air particle abrasion using 
self curing method. Mean retention strength (MPa), standard deviation (SD), coefficient 
of variation (CoV), and statistical significant are displayed in Table 16 and Figure 12. 
 




SD CoV n 
Ceramir C&B 5.13 c 0.76 14.91 10 
Panavia F2.0 16.96 b 2.22 13.06 10 
Multilink 
Automix 
16.35 b 2.57 15.73 10 
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Bifix 14.77 b 2.94 19.94 10 
Duolink 16.97 b 3.53 20.80 10 
Theracem 27.11a 3.56 13.15 10 
*Levels not connected by the same letter are significantly different. 
 
*Bars not connected by the same letters are significantly difference. 
Figure 12. Mean retention strength to zirconia for cements with self cure method 
after APA. 
Table 17. Analysis of variance for self cure method after APA. 
Source DF Sum of Squares Mean Square F Ratio P-value 
Cement 5 2448.3389 489.668 63.9716 <.0001 
Error 54 413.3404 7.654   
C. Total 59 2861.6793    
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3.1.2.2 Retention strength to zirconia data for tested cements with light cure method after 
APA 
A push out test was performed to evaluate retention strength for 3 self etch resin cements, 
2 self adhesive resin cements, and one adhesive resin cement after air particle abrasion 
using light curing method. Mean retention strength (MPa), standard deviation (SD), 
coefficient of variation (CoV), and statistical significance are displayed in Table 18 and 
Figure 13. 
 




SD CoV n 
Panavia F2.0 15.85   c 2.49 15.68 10 
Multilink Automix 22.39 a,b 4.46 19.93 10 
Bifix 15.29   c 1.76 11.50 10 
Duolink 19.10 b,c 2.92 15.30 10 
Theracem 23.69   a 3.68 15.55 10 
CemEZ 21.24 a,b 3.02 14.20 10 





*Bars not connected by the same letters are significantly difference. 
Figure 13. Mean retention strength to zirconia for tested cements with light cure 
method after APA. 
Table 19. Analysis of variance for tested cements with light cure method after APA. 
Source DF Sum of Squares Mean Square F Ratio P-value 
Cement 4 568.6880 142.172 13.8487 <.0001 
Error 45 461.9724 10.266   
C. Total 49 1030.6604    
 
3.1.2.3 Comparison of retention strength data for tested cements with light and self cure 
methods after APA 
Mean retention strength for light and self curing methods after air particle abrasion were 
compared for 3 self etch resin cements and 2 self adhesive resin cement. Ceramir C&B 
was excluded due to the absence of light curing ability. The mean retention strength 
(MPa), standard deviation (SD), coefficient of variation (CoV), and statistical significant 










































SD CoV n 
Panavia F2.0 
Self cure 16.96 d 2.22 13.06 10 
Light cure 15.85  d 2.49 15.68 10 
Multilink 
Automix 
Self cure 16.35  d 2.57 15.73 10 
Light cure  22.39 b,c 4.46 19.93 10 
Bifix 
Self cure 14.77  d 2.94 19.94 10 
Light cure 15.29  d 1.76 11.50 10 
Duolink 
Self cure 16.97  d 3.53 20.80 10 
Light cure 19.10 c,d 2.92 15.30 10 
Theracem 
Self cure 27.11 a 3.56 13.15 10 
Light cure 23.69a,b 3.68 15.55 10 
*Levels not connected by the same letter are significantly different. 
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Figure 14. Mean retention strength to zirconia for tested cements with two curing 
methods after APA. 
One-factor analysis of variance (ANOVA) was used to analyze statistical 
difference between group means. There was statistical significant difference in retention 
strength among the groups tested (P < 0.0001) (Table 21). Tukey-Kramer’s multiple 
comparison test was performed to identify groups with significant difference (P < 0.05). 
Table 21. Analysis of variance for tested cements with two curing methods after 
APA. 
Source DF Sum of Squares Mean Square F Ratio P-value 
Model 9 1560.1390 173.349 17.9320 <.0001 
Error 90 870.0317 9.667   
C. Total 99 2430.1708    
 
3.2 The effect of APA surface treatment on retention strength 
For this part of experiments, retention strength was compared for self and light curing 
methods, with and without APA.  
 
3.2.1 Descriptive data 
A push out test was performed to evaluate retention strength for 3 self etch resin cements, 
2 self adhesive resin cements, one adhesive resin cement and one bioceramic cement. 
Mean retention strength (MPa), standard deviation (SD) and coefficient of variation 




Figure 15. Mean retention strength to zirconia for tested cements with two surface 
treatments. 
 












Control 8.27 0.92 11.14 10 
Air abrasion 5.13 0.76 14.91 10 
CemEZ Light cure 
Control 9.87 1.58 16.02 10 




Control 5.5 1.25 22.83 10 





































Control 4.96 1.05 21.11 10 




Control 4.07 0.87 21.29 10 
Air abrasion 16.35 2.57 15.73 10 
Light cure 
Control 8.04 1.72 21.33 10 
Air abrasion 22.39 4.46 19.93 10 
Bifix 
Self cure 
Control 4.06 0.82 20.27 10 
Air abrasion 14.77 2.94 19.94 10 
Light cure 
Control 5.77 0.85 14.73 10 
Air abrasion 15.29 1.76 11.5 10 
Duolink 
Self cure 
Control 4.82 0.67 13.94 10 
Air abrasion 16.97 3.53 20.8 10 
Light cure 
Control 7.21 0.82 11.42 10 
Air abrasion 19.1 2.92 15.3 10 
Theracem 
Self cure 
Control 7.29 1.22 16.79 10 
Air abrasion 27.11 3.56 13.15 10 
Light cure 
Control 8.34 1.03 12.3 10 
Air abrasion 23.69 3.68 15.55 10 
 
3.2.2 Comparison of retention strength data between control and APA in self curing 
method 
Descriptive data for the self curing method with and without air particle abrasion are 
displayed in Figure 16, One-factor analysis of variance (ANOVA) was used to analyze 
statistical difference between group means. There was statistical significant difference in 
retention strength among the groups tested (P < 0.0001) (Table 23). Tukey-Kramer’s 





*Bars not connected by the same letters are significantly difference. 
Figure 16. Mean retention strength to zirconia for self cure method with two surface 
treatments. 
 




Mean Square F Ratio P-value 
Model 11 5937.4429 539.768 125.2165 < 0.0001 
Error 108 465.5530 4.311   
C. Total 119 6402.9959    
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3.2.3 Comparison of retention strength data between control and APA in light curing 
method 
Descriptive data for the light curing method with and without air particle abrasion are 
displayed in Figure 17. Ceramir C&B was excluded due to lack of light curing ability. 
One-factor analysis of variance (ANOVA) was used to analyze statistical difference 
between group means. There was statistical significant difference in retention strength 
among the groups tested (P < 0.0001) (Table 24). Tukey-Kramer’s multiple comparison 
test was performed to identify groups with significant difference (P < 0.05). 
 
*Bars not connected by the same letters are significantly difference. 
















































Mean Square F Ratio P-value 
Model 11 5246.6564 476.969 82.4503 <.0001 
Error 108 624.7721 5.785   
C. Total 119 5871.4284    
 
3.2.4 Interactive effects for curing method, cement system, and surface treatment 
The influence of cement system and curing method on retention strength was also 
evaluated. The effect tests are displayed in Table 25. There was a significant effect of 
each independent variable on retention strength except for the interaction between surface 
treatment and curing method (P = 0.18). Variables with the most effect are shown in 
Table 26. It can be found the dominated effects are surface treatment, cement material 
and curing method. The surface treatment effect is the most significant. The interaction 
between surface treatment and curing method was not significant.  
 
Table 25. Effect tests for cement system, curing method and surface treatment on 
retention strength to zirconia. 
Source Nparm DF 
Sum of 
Squares 
F Ratio P-value 
Cement 4 4 1054.2579 48.7586 < 0.0001* 
Treatment 1 1 8244.0598 1525.124 < 0.0001* 
Cement*Treatment 4 4 336.4558 15.5608 < 0.0001* 
Curing method 1 1 81.2847 15.0374 0.0001* 
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Cement*Curing mode 4 4 253.5462 11.7263 < 0.0001* 
Treatment*curing method 1 1 9.7924 1.8116 0.1800 
Cement*Treatment*Curing 
method 
4 4 55.3261 2.5588 0.0403* 
*Statistical significant difference. 
 
Table 26. Effect summary for cement system, curing method and surface treatment 
on retention strength to zirconia. 
Source LogWorth  P-value 
Treatment 89.086  0.00000* 
Cement 27.012  0.00000* 
Cement*Treatment 10.226  0.00000* 
Cement*Curing 
method 
7.759  0.00000* 
Curing method 3.831  0.00015* 
Cement*Treatment
*Curing mode 
1.395  0.04027* 
Treatment*Curing 
mode 
0.745  0.18001 
* Statistical significant difference. 
3.3 The effect of thermocycling on retention strength 
3.3.1 Descriptive data 
A push out test was performed to evaluate retention strength for 3 self etch resin cements, 
2 self adhesive resin cements, and one bioceramic cement. Mean retention strength 
(MPa), standard deviation (SD), coefficient of variation (CoV), and statistical significant 





Table 27. Descriptive statistics for tested cements with two post treatments. 













Control 8.27 d  0.92 11.14 10 






Control 15.85 c 2.49 15.68 10 






Control   22.39 a,b 4.46 19.93 10 





Control 15.29 c 1.76 11.50 10 





Control   19.10 b,c 2.92 15.30 10 





Control 23.69 a 3.68 15.55 10 
Thermocycling 23.55 a 3.29 13.96 10 




*Bars not connected by the same letters are significantly difference. 
Figure 18. Mean retention strength to zirconia for tested cements with two post 
treatments. 
One-factor analysis of variance (ANOVA) was used to analyze statistical 
difference between group means. There was statistical significant difference in retention 
strength among the groups tested (P < 0.0001) (Table 28). Tukey-Kramer’s multiple 
comparison test was performed to identify groups with significant difference (P < 0.05). 
Table 28. Analysis of variance for thermocycling effect. 
Source DF Sum of Squares Mean Square F Ratio P-Value 
Model 11 2755.3575 250.487 30.5908 < 0.0001 
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C. Total 119 3639.6951    
3.3.2 Interactive effects for cement system and thermocycling treatment 
The influence of thermocycling treatment and cement system on retention 
strength was also evaluated. The effect tests are displayed in Table 30. There was a 
significant effect only for the cement system on retention strength (P < 0.001). 
Thermocycling had no significant effect on retention strength (P = 0.13368). Variables 
with the most effect are shown in Table 26. 
Table 29. Effect tests for cement system and thermocycling on retention strength to 
zirconia. 
Source Nparm DF Sum of Squares F Ratio P-value 
Cement 5 5 2598.7146 63.4738 <0.0001* 
Thermocycling 1 1 18.6975 2.2834 0.1337 
Cement*Thermocycling 5 5 137.9454 3.3693 0.0072* 
*Levels not connected by the same letter are significantly different. 
 
Table 30. Effect summery for cement system and thermocycling on retention 
strength to zirconia. 

















3.4 Effect of cement space on crown retention 
3.4.1 Descriptive data 
Table 31. Descriptive statistics for retention strength to zirconia with two cement 
spaces. 
 
Cement space (μm) 
50 100 
Retention strength (MPa) Retention strength (MPa) 
Cement Treatment Mean SD CoV n Mean SD CoV n 
Ceramir 
C&B 
Control 8.27 0.92 11.15 10 4.79 0.67 14.09 10 
APA 5.13 0.77 14.93 10 4.74 0.93 19.51 10 
Multilink 
Automix 
Control 8.05 1.72 21.32 10 4.87 0.84 17.27 10 
APA 22.39 4.46 19.94 10 17.35 2.53 14.59 10 
Theracem 
Control 8.34 1.02 12.28 10 7.65 1.30 16.94 10 
APA 23.39 3.69 15.56 10 20.20 2.97 14.70 10 
CemEZ 
Control 9.87 1.58 16.02 10 8.71 1.50 17.18 10 
APA 21.24 3.02 14.20 10 20.35 3.31 16.28 10 
 
A push out test was performed to evaluate the retention strength of one adhesive resin 
cement, one self etch resin cement, one self adhesive resin cement and one bioceramic 
cement at two cement thicknesses, 50 μm and 100 μm. The effect of particle abrasion was 
also evaluated. The mean retention strength (MPa), standard deviation (SD), coefficient 





*Bars not connected by the same letters are significantly difference. 
Figure 19. Mean retention strength to zirconia for tested cements with two cement 
spaces. 
One-factor analysis of variance (ANOVA) was used to analyze statistical 
difference between group means. There was statistical significant difference in retention 
strength among the groups tested (P < 0.0001) (Table 32). A t-test was performed to 
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Table 32. Analysis of variance for tested cements with two surface treatments and 
two cement spaces. 
Source DF Sum of Squares Mean Square F Ratio P-value 
Model 12 7695.4295 641.286 118.4859 < 0.0001 
Error 147 795.6135 5.412   
C. Total 159 8491.0430    
3.4.2 Interactive effects for cement system, surface treatment and cement space on 
retention strength to zirconia 
The influence of cement system, surface treatment and cement space was also evaluated. 
The effect tests are displayed in Table 33. There was a significant effect of all variables 
on retention strength except for surface treatment and cement space interaction (P = 
0.6528). The variables with most effect are shown in Table 34. It can be found the 
dominated effects are cement material, surface treatment, and the cement space. The 
interaction between cement material and surface treatment is extremely significant 










Table 33. Effect tests for cement system, surface treatment and cement space on 
retention strength to zirconia. 
Source Nparm DF 
Sum of 
Squares 
F Ratio P-value 
Cement 3 3 1193.4364 76.9760 <0.0001* 
Treatment 1 1 1797.3557 347.7853 <0.0001* 
Cement*Treatment 3 3 1105.1845 71.2838 <0.0001* 
Cement space 1 1 210.0595 40.6461 <0.0001* 
Cement*Cement space 3 3 50.4929 3.2568 0.0235* 
Treatment*Cement space 1 1 1.0501 0.2032 0.6528 
Cement*Treatment*Cement 
space 
3 3 51.4210 3.3166 0.0217* 
* Statistical significant difference. 
 
 
Table 34. Effect summery for cement system, surface treatment and cement space 
on retention strength to zirconia. 
Source LogWorth  P-value 
Treatment 39.510  0.00000* 
Cement 29.042  0.00000* 
Cement*Treatment 27.591  0.00000* 
Cement space 8.634  0.00000* 
Cement*Treatment*Cement 
space 
1.663  0.02175* 
Cement*Cement space 1.629  0.02348* 
Treatment*Cement space 0.185  0.65283 





CHAPTER 4. DISCUSSION 
 
This in-vitro study was designed to compare retention strength of several cement systems 
to zirconia.  Four clinical scenarios were proposed and tested: The effect of light curing, 
zirconia air particle abrasion, thermocycling, and cement thickness.  
To test the retention strength, a crown-core simulation system was used consisted 
of custom-made zirconia rings representing crown and cylindrical steel rods representing 
the core. A push out test was the test of choice to evaluate the retention strength. 
Although clinical trials are the optimum tests for evaluating dental materials, laboratory 
studies can predict of the clinical outcome. Our protocol is believed to simulate clinical 
condition, allowing more control of variables, less technique-sensitive and inexpensive.  
 
4.1 The effect of curing method on crown retention 
The first aim of the study was to compare the retention strength of self and light curing 
methods for 5 resin cements and one bioceramic cement to zirconia.  
For self-curing method, Bioceramic cement, Ceramir C&B, showed comparable 
retention strength to Theracem resin cement and was significantly higher than Panavia 
F2.0, Duolink, Bifix and Multilink Automix. The observation of high retention strength 
of Ceramir C&B compared to resin cements is in an agreement with two studies done by 
Jefferies et al. 28,62. Retention strengths for self-curing method varied among the cements 
tested. This can be attributed to the differences in cements composition. 
For the light curing method, a significant increase in retention strength was noted 
when compared to self-curing method with the exception of Theracem and Panavia F2.0. 
The lower retention strength in the absence of light can be due insufficient conversion of 
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carbon double bonds in self-curing method 41,42. The amount of inhibitors added to the 
cement may affect the polymerization potential of self-curing method. Inhibitors are 
usually added to increase working time and to promote shelf life. Higher amounts of 
inhibitor can reduce the polymerization rate of dual cured cements. The light 
polymerization reaction can compensate to an extent the slower conversion degree in 
self-cure reaction of dual cure cements 63,64.  
Although the zirconia specimens used in this study were thick and may prevent 
transmitting the light through its thickness, light curing the margins is recommended 
whenever possible to quickly seal the margins and fasten the setting reaction of the 
cement. Furthermore, some studies showed that self-curing reaction of dual cure cements 
needs more than 24 hours to reach adequate strength 42,43,65.  
The most notable difference in retention strength between self-cure and light-cure 
method was in Multilink Automix cement. Based on the components of the cement 
system, Primer A and B bottles of the cement contain co-initiators and is recommended 
by the manufacture to be used only on tooth surface and not metal substrate. This might 
explain the low retention strength of this system for self-curing method compared to 
light-curing method. This is in agreement with a study done by Sabatini et al. in 2013 65. 
 
4.2 The effect of APA on crown retention 
The second aim of the study was to compare the retention strength of 5 resin cements and 
one bioceramic cement to zirconia before and after APA. Previous studies had shown 
controversy whether APA could decrease the mechanical strength of zirconia. Some 
studies reported an increase in fracture strength of zirconia after APA 66-68. Other studies 
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claimed surface damage and decrease in mechanical properties 69-71. The higher fracture 
strength after APA was explained by phase transformation (tetragonal to monoclinic) 
property of zirconia material.  
A study done by Sciasci et al.72 in 2015 showed that although different particle 
sizes (50 or 120 μm) provided differences in morphological patterns, there was no 
influence on the bond strength between zirconia and resin cements. In 2013, Souza et 
al.73 examined the effect of different APA protocols on the biaxial flexural strength of 
zirconia. Combinations of 50 and 100 µm Al2O3 particle sizes, and a pressure of 2.5 and 
3.5 bars were used for 20 seconds with a distance of 10 mm. The results showed that 
particle size and pressure did not significantly influence the biaxial flexural strength of 
the experimental groups. In our study, the intaglio surface of the zirconia rings was 
treated with 100 μm aluminum oxide particles at 4 bars for 10 seconds. 
For the self-curing method combined with particle air abrasion, retention 
strengths for varied among the cements tested. There was no significant difference in 
retention strength between the cements tested except for Theracem and Ceramir C&B. 
This can be attributed to the differences in cements composition.   
It was notable that with air particle abrasion treatment, Ceramir C&B showed 
significantly lower retention strength compared to control. This is in agreement with a 
study done by Baltz et al.74 that showed only resin cements could benefit from air particle 
abrasion. The lack of wetting agents such as HEMA in the component of Ceramir C&B 
may reduce its wettability when the zirconia surface is air abraded. This effect may 
hinder the infiltration of Ceramir C&B in surface flaws created by APA.  
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For the light curing method combined with APA, a significant increase in 
retention strength was noted when compared to the control. The effect test summary in 
Table 26 showed that APA surface treatment had significantly more influence on the 
retention strength than cement system and curing method. In general, APA of zirconia 
yielded higher retention strength in all resin cements tested. This is in agreement with 
previous studies. 50-53 
 
4.3 The effect of thermocycling on crown retention 
To evaluate the durability of laboratory testing of dental cement, simulation of oral 
condition is an important factor to consider. Thermocycling is one way to simulate 
temperature changes in the oral cavity. These changes may induce mechanical stresses 
that can initiate crack propagation through bonded interface.  
Gale and Darvell 75 in 1999 reported that 10,000 thermal cycles equals to 1 year 
of clinical function. In our study, 5000 cycles in cold/hot water baths (5 °C and 55 °C) 
with a dwell time of 30 seconds and a transfer time of 15 seconds were chosen 
corresponded to 6 months clinical service of the cement.  
The influence of thermocycling on retention strength of 5 resin cements and one 
bioceramic cement was evaluated. Combinations of curing mode and surface treatment of 
each cement that showed the highest retention values were included. The results showed 
that there was no significant effect of thermocycling treatment on retention strength of 
the cements tested.  This can be explained by several reasons: First, the improved 
characteristics of these contemporary cements make the number of cycles to be 
insufficient to cause thermal stresses that can results in bond degeneration. Second, the 
62 
 
thick steel rod and zirconia simulation system have low thermal expansion and may 
slowed the thermal conductivity of the hot/cold water bath to the cementation interface. 
Furthermore, the presence of phosphate monomers in the formulation of the tested resin 
cements may contributed to the stable retention strength after thermocycling. This is in 
agreement with several studies in the literature. 50,51 
Some of the cements (i.e. Panavia F2.0, Duolink, and Ceramir C&B) showed a 
slight increased, but not statistically significant, retention strength values after 
thermocycling treatment. This may attribute to continuous setting reaction beyond the 24 
hours time point used in the control groups. 
 
4.4 The effect of cement space on crown retention 
One of the concerns regarding zirconia-based restorations is there internal fit. Several 
studies showed axial fit discrepancy of zirconia-based restorations. 56,57 To emulate this 
clinical scenario, two cement spaces were chosen in this study, 50μm and 100μm. Air 
particle abrasion as a variable was also included to examine its effect in clinical situations 
where larger cement spaces exist.  
In our study, three resin cements and one bioceramic cement were tested. The 
results showed that when increasing the cement space from 50 μm to 100 μm, Ceramir 
C&B without APA and Multilink Automix with and without APA showed lower 
retention strength values (Figure 19). In 2007, Ebert et al.58 showed that air particle 
abrasion and cement gap (30 μm and 60 μm) significantly influenced retention strength of 
zirconia copings when cemented with Panavia F2.0. This result was similar to our 
findings for Multilink Automix group. The different in the study design, cement material 
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used, and cement spaces chosen may contributed to the variation of the retention values 
for the other cements in our study.  
In 2012, Son et al. 59 evaluated the influence of internal gap width and cement 
type on the retention of zirconia. Three cements (Panavia F 2.0, RelyX Unicem, and 
RelyX Luting) were used to cement zirconia copings on natural teeth. The cement space 
was either 40 μm or 160 μm. They concluded that the effect of different internal gaps on 
retention of zirconia copings is material dependent. This is in agreement with our results 
for Theracem and CemEZ with and without APA, and Ceramir C&B with APA.  
In general, our results showed a significant effect of different cement spaces on retention 
strength. APA and cement material interaction had the more effect on retention strength 
than the cement space. This is in agreement with a study by Juntavee et al. in 1992.76 
 
4.5 Limitations 
This is an in-vitro study has several limitations that need to be considered. The oral 
environment is difficult to be reproduced with in-vitro studies. The chewing mechanism 
was not examined in this study. This can produce mechanical stresses and affect the 
retention strength. Parallel steel specimens were used which is challenging to duplicate 
when preparing substrates for indirect restorations. Furthermore, the absence of the 
occlusal coverage is unrealistic in clinical scenarios but could serve the purpose of this 
in-vitro study. Although the push-out test used in this study is a valid model to test dental 





CHAPTER 5. CONCLUSSIONS 
  Within the limitation of the study, several conclusions can be drawn: 
1. There is a significant difference in retention strength to zirconia among tested 
cements in self-curing method. (Ceramir C&B ≥ Theracem > Panavia F2.0 ≥ 
Duolink ≥ Multilink Automix ≥ Bifix). 
2. There is a significant difference in retention strength to zirconia among tested 
cements in light-curing method. (CemEZ ≥ Theracem ≥ Multilink Automix ≥ 
Duolink ≥ Bifix ≥ Panavia F2.0) 
3. There is a significant difference in retention strength to zirconia between self-cure 
and light-cure cement groups. 
4. There is a significant influence of APA in retention strength to zirconia except for 
Ceramir C&B. 
5. There was no significant difference in retention strength to zirconia between 
50μm and 100μm cement spaces except for Ceramir C&B without APA and 
Multilink Automix with and without APA. 
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